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FOREWORD

This Final Technical Report on the "Sun Pumped Laser" was prepared by
GTE fylvania, Inc., Electrcniz Systems Group - Western Division, Mountain
View, California, under contract No. F33615-70-C-1255 for the Air Force
Avionics Laboratory, Wright-Patterson Air Force Base, Ohio. Mr. Donald
D. Matulka was the program monitor. This study covered the period January
197C to August 1971 and the report was submitted September 1971.

Dr. L. Huff was the pProject engineer for the program. Other principal
contributors to the program were Dr. J. D. Foster, Mr. R. ¥. Kirk, Dr. L. M,
Osterink and Mr. C. B. Hitz.

This report has been reviewed and is approved for publication.
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ROBERT E, DEAL, Actg Chief

Laser and Electro—Optics Technology Branch
Electronic Technology Division
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ABSTRACT

Results of an experimental progran to determine the practicality
of solar pumping a spaceborre optical communication laser are descrited.
A feasibility model sun pumped Nd:YAG laser uvtilizing techniques corpatible
with space operation was built and successfully operated. Using a 24" disaeter
sun collecting mirror and an cptical system which rejected the sun's IR radia-
tion a power output of 1.6 watts was obtained frcom the laser. Without the IR
filtering (which also rejected some useful pump light) an output power of 1.2
watts was achieved with half of the telescope aperture area. Mode locked opera-
tion of the device at a rate of 500 MHz was also demonstrated. Based on sun
pumped laser performance achieved during the program it is projected that a
laser output power of 1.6 watts can be obtained outside the earth's atmosphere
with a 12" diameter mirror.
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Section 1

INTRODUCTION

Optical communication in space using the Nd:YAG laser as a source
has several advantages over conventional millimeter wave links, Higher data
rates are possible with a mode-locked laser in a PCM system, improved com~
munication link security is possible with reasonably small optics and smaller,
lighter weight transmission and reception equipment is required by an optical
link. The lifetimes of conventional optical sources which may be used to power
the laser (lamps or light emitting diodes) are not as yet sufficient to umeet
the needs of space use, however. Solar pumping is a very attractive alterna-
tive means of operating a solid state laser employed in a space optical com-
munication system because of the long lifetimes possible, Ruby, glaiil7?nd
Nd:YAG lasers have all been powered by direct use of solar radiation g
None of this previous sun pumped laser work, however, has demonstrated that
it is practical to utilize the concept in a spaceborne syst am.

The basic objective of the current sun pumped laser program has been
to determine the praciticality of applying the concept in a space satellite
optical communication system. In order to meet this objective, the primary
portion of the program was to build and demonstrate a working feasipility
mcdei of a sun pumped laser using techniques compatible with spacecraft ap-
plication. Operating characteristics of the laser were specified to be as
representative as possible of actual device requirements envisioned for
future space communication needs. The lasz2r was specified to operate mode
locked at a pulse rate of 200 MHz or higher with a power output of 1 watt
in a low order mode and with a pulse amplitude variation of less than 2.5%.
There are three distinctive features of the approach selected to fulfill the
objectives of the sun pumped laser program - a Coude optical relay system
which separates sun tracking from iaser pointing, end pumping of the laser
rod, and exclusive use of conductive cooling techniques. A collection and
relay system of the Coude type has advantages in terms of practical implementa-
tion of the concept on a satellite, 3olar end pumping of the Nd:YAG laser rod
was chosen for two reasons: (1) it should be more efficient than side pump~
ing because of the longer crystal absorption length presented to the pump
light and (2) it is compatible with conventional side pumping of the laser
rod with a lamp or diode array during solar eclipse portions of the satellite
orbit. The possibility of such a dual pumping scheme allows continuous opera-
tion of the communication system while still taking advantage of the long
lifetime afforded by solar pumping. Direct conductive cooling of the laser
rod and removal of the heat from the laser by conductive means (such as with
beat pipes) is a must in a space craft application because of the complexity
and low reliability of liquid cooling methods.

Successful operation of the feasibility laser, which employed end
pumping and conductive cooling techniques, was realized. A multimode output
power of 1.6 watts was obtained using the 24" diameter collector with di-
electric filtering to reject the sun's IR radiation. Without the IR filtering
(which also rejected scme useful pump tight) an cutput of 1.2 watts was achieved
with just under one half the telescope collecting area. A mode locked laser
output of 0.35 watts was demonstrated at a rate of 500 MHz. Stable mode-
locked operation of the device in the fundamental mode was not realized;
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however, the feasibility of using electrooptic techniques to mode lock the
low gain sun pumped laser was demonstrated with;the petrformance obtainad.
The significance of these results is the conclusivé demonstration that it
is feasible to end pump, conductively cool, and mode lock the sun pumped
Nd:YAG laser in a configuration which is compatible with space operation.
Furthermore, based on performance obtained during this program, it is pro-
jected tuat a sun pumped laser output power o: 1.6 watts can be obtained
outside the earth's atmosphere wit: 1 12" diameter collector.

Sections II and III of this report describe the design of the solar
collection and relay system and the laser, Experimental results of the pro-
gram are presented and discussed in Sections IV and V. A prediction of laser
performance attainable cutside the earth's atmosphere is derived in Section
VI and a discussion of how the performance of the laser can be improved is
presented in Section VII. Detailed consideration to the design of and dif-
ficulties associated with two end pumping condigurations is given in Ap-
pendices I and II. Mode locking the sun pumped laser is thoroughly discus-

sed in Appendix III and a theovetical model of the CW Nd:YAG laser is pre-
sented in Appendix IV.




Section II

SOLAR COLLECTION AND RELAY SYSTEM

Figures 1 and 2 show schematically the Coude optical collection
and relay system which was designed to separate the sun tracking and laser
1 inting functions. This system bends the light path from the telescope
mirror to the laser in such a manner that the beam entering the laser re-
mains fixed as the mirror tracks the sun. A 24" diameter sun collecting
telescope used in previous sun pumped laser studies was provided to GTE
Sylvania by the Air Force to perform this program. Unfortunately it turned
out not to be practical to make the modifications to the telescope necessary
to implement the Coude system. Instead the simpler scheme shown in Figure
3 was designed and built. This is a Cassegranian system which produces a
final solar image at the entrance of a light concentrating trumpet. The
trumpet reduces the solar image and channels the light into the end of the
laser rod.

A description of the elements of the optical system and their
positions with respect to the primary mirror are given in Table I. Both the
secondary mirror and the toroidal mirror were deposited with evaporated silver
and a dielectric overcoating. The reflectivity of these mirrors was greater
*he:. 97% above Q 5u. The aluminized primary, which was not recoated, had a
measured reflectivity of 887% at 6328A. The field lens was antireflaction
coated with single layer MgF. The coating was designed to reflect the U.V.
and to have greater than 90% transmission fromQ.4p to(.7u and greater than
987 transmission from Q7u toQ9u. The secondary mirror forms a virtual
image of the primary at a position 3.16" behind the secondary. The field
lens, located 21" from the secondary, forms a real image of the primary at
the position of the toroidal mirror, 19" from the lens. The object for the
field lens is the virtual image of the prlmary formed by the secondary mirror.
The toroidal mirror bends the light path 90° and forms the final solar image
at a distance of 4.7" from the toroid. The off axis toroidal mirror was used
to meke the 90° bend instead of a plane mirror followed by a lens since it was
felt that the spherical and chromatic abberations of :he lens would be exces-
sive. The toroid was observed, however, to display rather severe coma; the
solar images formed by different portions of the mirror occurred at different
spatial positions. Because a distinct solar image was not formed by the mir-
ror, the trumpet could not be placed to accept all the incoming rays. The
mirror wac expected to have a certain amount of coma, since this element should
be a section of an ellipsoid rather than a torus. Laser experiments were per-
formed both with the toroidal mirror urd with this mirror replaced by a 100 mm
focal 1ewgth plano-convex lens which was antireflection coated. The coating
was single l.yer MgF centered at 70008, In spite of the abberations of this
lens 2 more distinct solar image resulted than was obtained with the toroid.
The performance of the laser was improved by about 107 with the use of the
lens, In addition, because of the physical position of the laser, it was mores
convenient to operate the laser in the absence of the 90° bend of the light
path.

oy B e 1 7 \.v;uem.m::m-mﬂw:mi it s TR




bl S b i DY

TCOLLECTOR PRIMARY

\
[}

ELEVATION DRIVE + 23°

i
" !
i - -
\
( g
— —-  --—SUN
s - \secoumpv

MIRRCR A/

MIRROR B

Figure 1 Sur Puwped Laser Collection System Design




wa3skg Aeray Teo13do @pnoj Surlordumyg ulyseq i@seq] padung ung  *7 2an813

@31317vNO 32VdS - YISV
YOLVUINIONOD LH9OIT ,13dWNYL, WNLSN&Ed 3NOD
JOYYIW ¥3SVT -

idid IVIH

(JOUYIW T¥A10¥OL SIXY 340) @ YOUUIW — - YOYYIW YISV

o09€ IAIYQ HINWIZY ——

J JOHIW

DIOA

g JONNIW




A AR A . 2 ntiac. e e

SOLAR COLLECTION AND RELAY OPTICS

LASER ROD
AND LIGHT
CONCENTRATING
TRUMPET

——

| Y

SECONDARY MIRROR

S
WA

/T
N

L

FIELD LENS

— 24 INCH DIAMETER
f 1.5 TELESCOPE
PRIMARY MIRROR

T TOROIDAL TURNING

MIRROR

Figure 3 Solar Collection and Relay Optics




wl €= Ya2usT Ted03 sTX® UQ
*u?72%°0T - 8anjeaand Jjo
snipea sueld TETPTISN
*WITZ°S¢ = =@aAnjeaand jo
sntpea aueTd TewmwxIoN
£aewtad wmoa3 ./ A93°WeTp ,€°¢ J0axTW TepToao]

po3I1BO) UOTIDSBTFOITIUY

w9°0T = y3aduay TEOOI
z3aend

Azewtad woay ,,ZT a93sweIp € Sus7 PI®TA

WIS €= = YyaBual TEOO4
Axewmtad woxay €€ 1939WePT € JoxaT Aaepuodasg

w?°SE ~ Yaduet TBOOZ

proroqeaed io3oweIp ,,4Z 101aTR Laewrag
UOT ¥ 80d uor3driosaq Jusmaty

SUOTITS0d PuP SJUSWSTH WO3ISAS UOTIISTTO)

I 91qel

Seabeadliion oo gl Ll gl i amalidiits D sl A




DA hd il S L]

The laser was operated with two types of secondary mirrcors: the
silver coated mirror and one deposited with a dielectric or *'cotd airror"
coating designed to rz=ject the I.R. radiation. Since a suvbstantial portion
of the solar energy is in spectral regions where the laser rod is not pumped,
especially above 0,9u, filtering to reject the non useful light can reduce
the amount of heat which must be dissipated by the rod cooling structure with-
out decreasing the laser output. The ccld mirror secondary was designed to
perform this function by reflecting the sunlight in the pumping spectral
regions and transmitting or rejecting the light outside thece regions. Figure
4 shows the transmission of the cold mirror coating as a function of wavelength,
The coating has a high reflectivity in the region of the primary Nd:YAG pump
bands fromQ6p toQ 85y and transmits most of the energv above one micron. Un-
fortunately th- coating also transmits or rejects a substantial portion of the
sun energy be.uw Q.6p. This is a disadvantage beczuse the chromium pumping
bands of the Nd:Cr:YAG rod used in the sun pumped laser are strongly absorb-
ing from 0.354 to .7u (see Figure 14). In addition the sun energy peaks at
a wavelength of Q5p (Figure 5). This particular mirror thus rejects a sig-
nificant amount of useful pump light in the laser rod co-doped with chromium.
The silver coated mirror reflects or accepts all the useful pump light in the
solar spectrum; however, the rod cocling system must dissipate the additional
unwanted energy and as a result the rod operates at 2 higher temperature. A
more desirable filter wouid, of course, be one whicn rejects everything above
0.85u and below 0.3p and passes the energy which lies in between. In principle
such filtering could be effected with one or more elements; however, it was
not practical to pursue this on this program; the cold mirror coating obtained
was available as a fairly standard item.

An important consideration in the use of dielectric filtering with
the secondary mirror is the reflectivity characteristics of the mirror as a
function of incident angle. Since the light collected by the primary is in-
cident on the secondary over a range of angles (0 - 30°) it is important that
the high reflectivity band of the mirror not shift or change reflectivity
appreciably with angle. The transmission of a reference sample coated with
the secondary mirror was measured as a function of wavelength for several dif-
ferent angles of incidence. The spectra, shown in Figures 6 through 9 show
that, indeed, the reflectivity characteristics do not appreciably change over
the range of incident amgle corresponding to the optical systen.

An attempt was made to determine the efficiency of the collection
and relay system by measuring the solar power transmitted by the optical
system (at the output cf the toroid) and the power incident on a 0.5" aperture
using a CRL Model 201 calorimetric type power meter. An incident solar in-
tensity at midday »f 0,087 watts/cm® was measured in this manner. The fraction
of sunlight that is transmitted through the atmosphere on a clear day with
the sun at the zenith is given by Threlkeld (8) to be 0.633. This atmospheric
transmission factor is defined as the integrated solar intensity at sea level
divided by the intigsated solar intensity just outside the earth's atmosphere.
The solar constant (solar radiation intensity incident upon a surface normal
to the sun's rays and at the outer limit of the atmosphere) is 444.7 Btuchr-1l.
£t=2 or 0.139 watts-cm™2. Multiplying the solar constant by the atmospEeric
transmission factor gives a sea-level solar intensity of 0.088 watts/cm” which
agrees well with our measured result. All of the sunlight transmitted by the
optical system could not be collected by the power meter detector head;
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therefore, it was not possible to directly measure the efficiency of the
system, It was determined from these measurements, however, that the full
spectrum reflectivity of the cold mirror secondary was about <5%, i.e., 45%
of the total solar enersgy incident on the mirror was reflected. An estimate
of the collection efficiency is readily obtained by multiplying the reflec-
tivities and transmission of the various elements. The approximate average
values over the solar spectral range are:

Primary mirror - R = .88
Secondary mirror - R= .98
Toroidal mirror - R=,98
Field Lens - T=.95

These values result in a collection and relay efficiency of ~ 50%. Therefore,
the optical system with the full aperture of the 24" diameter mirror trans-
mits v 200 watts with the silver secondary and v 115 watts with the cold mirror
secondary. These numbers should be reduced by 9% to account for tne central
obscuration of the secondary mirror and mount.

A summary o§ useful solar data ia present in Table II. Spectra of
the sun's radiation outside the earth's atmosphere and at sea level and a
clear day, are shown in Figure 10. The sea level spectra are for a precipit-
able water depth of 50 mm and a dust scale of 400 (moderately dusty atmosphere)
and for air mass values of 1 and 5. The air mass is the ratio of the length of
the path of the sun's rays through the atmosphere to the length of the path if
the sun were at the zenith. Figure 10 is reproduced from Threlkeld's book.
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Section III

SUN PUMPED LASER DESIGN

1. END PUMPING UPTICS

Two end pumping configurations were investigated durir: the course
of the program, one using an undoped YAG concentrating cone and another using
an open silver reflective cune. The original sun pumped laser design which
utilized the YAG trumpet is shown schematically in Figure 11. Sunlight enters
the large end of the trumpet and is channeled into the end of the laser rod

1 through total internal reflection at the YAG cone air interface. The 2 mm x
4 50 mm laser rod is held in a niobium heat sink which removes the heat from the
3 rod by direct conduction. The optical rescnator is formed by a totally reflec-

ting laser mirror deposited on the central 5 mm dia. of the large end of the
YAG trumpet and by an external output mirror. The mode locking mcdulator is
inserted in the cavity near the output end.

The YAG trumpet approach has two advantages over the open air re-
flective cone, First, there is no reflective loss in the cone; there is only
scattering loss which may be much smaller than the reflective loss at a silvered
surface. Secondly, because of the sine condition(9) the image size reduction
power of the YAG cone is 1.82 (the refractive index of YAG) times greater than
that of the open air cone. This means that for a given telescope aperture dia-

] meter a laser rod with a smalier diameter can be used with the YAG cone. A
3 smaller laser rod gives higher gain for equivalent pumping levels(10) and is
F more easily filled with the fundamental modef11) Making the gain as large as

possible is important in low power lasers where intracavity losses seriously
degrade the laser outputglo

The main difficulty with the YAG cone is in making the optical-
mechanical connection to the YAG rod. Several techniques for doing this includ-
ing optical contacting, grown junction, diffusion, and clear epoxy were con-

: sidered. Optical contacting was rejected as being mechanically impractical.
¢ The growth of a singzle YAG boule with one end doped and the other undoped is

3 feasible according to crystal vendors; however, it has never been done and a
1 considerable crystal growth development effort was required to pursue this

technique. Efforts were made to obtain samples of fused clear and doped YAG
plates; however, the vendor (Airtron) was never successful at producing these.
The opinion of all the crystal vendors contacted was that it is not possible

to obtain a good optical junction between two piec s of YAG by fusion. The
method which was decided upon was to bond the YAG crumpet to the rod at Brewster's
angle using a clear epoxy. The laser beam undergoes a very low loss at the
Brewster junction. Incident sunlight coming into the junction over a wide range
of angles undergoes only slight reflective loss because of the index matching
effect of the epoxy. An air Brewster interface of the trumpet to the red can-
not be used because of the severe reflective loss of incident sunlight in the
absence of the epoxy.

A photo of the rod and trumpet assembly is shown in Figure 12. Since
the junction formed at the 2 mm dia. laser rod and the long tapered trumpet
is rathe. fragile, the trumpet is held by a support yoke attached to the niobium
heat sink by an invar rod. For additional support the junction is surrounded

19. Preceding page blank




LASER ROD
(EXPOSED PORTION HERE

LiGHT MAY BE SIDE LAMP PUMPED)
CONCENTRATING I

“TRUMPET" MODE LOCKING

’ MODULATOR
wcioent [ 1§ l

— ¥+ —~
LT T T SN
SUNLIGHT __ 775555

100% REFLECTIVITY HEAT

HEAT PIPETO OUTPUT
DIELECTRIC MIRROR SINK

SPACE RADIATOR MIRROR

Figure 11, Sun-Pumped Nd:YAG Laser Cavity Configuration
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by a sleeve which is silvered on the inside. When the trumpet is attached to
the rod arn epoxy bond is formed between the trumpet and the sleeve as well as
between the trumpet and the rod resulting in a mechanically strong joint.

The YAC trumpet end pumping configuration failed in the initial
attempt to operate the device. The failure was due primarily to the thermal
breakdown of the Epo-Tek 301 epoxy under the intense solar radiation at the
junc:cion which led to overheating and cracking of both the rod and trumpet
at the joint. Contributing to the problem was the rigid mechanical design
of the trumpet mounting yoke and rod which did not allow for the different
thermal expansions of the invar rod and trumpet. Following this failure a
search was begun for an epoxy or index matching f£luid which could withstand
the solar flux at the junction. A more detailed consideration of the problem
and a discussion of this study are presented in Appendix I. An epoxy, Tra Bond
2114, was found which has a much greater breakdown resistance to the focused
sunlight than the Epo—~Tek epoxy. An index matching liquid, SnCR.z-ZH 0 dis-
solved in glycerol‘lz) was also found with suitable properties incluéing ade-
quate breakdown resistance. During this study the importance of making the
bonding epoxy layer thin was demonstrated with the testing of samples of dif-
ferent thickness. This is another possible contributing factor in the failure
during the initial experimeats; the epoxy layer at the joint may rnot have been
sufficiently thin. As a result of this investigation it was believed that
materials and techniques had been determined which would allow successful
implementation of the clear YAG trumpet approach; a second trumpet was there-
fore ordered and the laser rod refinished. Unfortunately, the second trumpet
was received defective; excessive scattering was observed in the bulk of the
material near the large end of the cone. Since the laser beam traverses the
length of the trumpet, this scattering would have resulted in a severe intra-
cavity lose +vhich would most likely have prevented laser operation. Since the
time remaining on the program was not sufficient for the vendor (Airtron) to
refabricate the trumpet, this approach was not pursued further.

An alternate end pumping scheme using an open air reflective concen-
trating cone was conceived during the evaluation of the rod-trumpet bond prob-
lem ar<4 it was decided to pursue this configuration in parallel with the YAG
trumpe: approach. A schematic of this scheme is shown in Figure 13. The light
concentrating optics consists of a field lens and the reflective cone which is
fabricated by electro-forming a tnin layer of silver and then a zhick backing
layer of copper cnto a highly polished stainless steel mandrel., The maximum
reflectivity laser mirror is deposited on the central 5 mm dia. of the plane
side of the plano-convex field lens. Both ends of the rod are anti reflection
coated. Consideration was given to placing the maximum reflectivity laser
mirror directly on the end of the laser rod; however, this was rejected be-
cause the transmission of such a mirror over a broad range of angles and wave-
lengths is much lower than for an A.R. coating. The smallest area into which
the sunlight collected by the 24" diameter mirror may be focused using air
optics is 2.84 mm; therefore, a 3 x 30 mm laser rod was used in this configura-
tion., The tod iz siiversd cn its entire OD and soldered into the heat sink
with its full length and OD being surrounded by the heat sink., Thus, for
simplicity, this configuration was not designed to be capable of dual pumping
as was the case with the YAG trumpet scheme. The design of both the YAG trumpet
and the air cone is discussed in Appendix II.
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The advantages of the open reflective cone are its simplicity,
mechanical stability, and reliability. It does have the disadvantages of
having a small reflective loss and requiring the use of a larger diameter
laser rod than the YAG trumpet. The reflective loss is, however, only a
minor consideration. The cone was designed so that the extreme ray from
the primary system makes cnly four reflective bounces before entering the
rod. Since the average number of bounces made by all rays is less than four
and the reflectivity of silver over the primary pumping range is greater chan
98%, the total reflective loss is estimated to be on the order of only 5Z%.
The rod diameter disadvantage of the open cone may also be less a drawback than
it first appears. Based on the present sun pumped laser power output it is
estimated that the -equired laser performance will pe achievable with an 12"
diameter collector. A rod with a diameter of 1.4 mm may be used with this
mirror diameter. This is probably about the smallest diameter rod which is
practical anyway; in a dual pumping scheme it is increasingly difficult to
couple the light from the lamp or diode array into smaller diameter rods.
This is an important consideration since it is likely that most applications
for the sun pumped laser will require the continuous operating capability af-
forded by the dual pumping scheme.

2. LASER ROD MATERIAL

The laser material used in both the YAG trumpet configuration and
the open cone configuration which was successfully operated was Nd:Cr:YAG with
nominally 1 atomic percent doping of Nd and 0.1 percent chromium. Chromium
YAG was chosen because of its broad absorption bands in the spectral region
where the sun peaks. It was felt that with the chromium doping level of 0.1
percent the optical quality of the material would be retained anu that over
the full length of the rod substantial absorption by the chromium ions would
take place. Figures 14 through 16 show the transmission spectra in the visible
and near IR of a sample (courtesy of Airtron) taken from the same crystal boule
used to produce the laser rods in both configurations.

An extremely important consideration in the design of any laser is
how much of the incident pump light from a given source is absorbed by the
laser crystal. We have made measurements of the absorption of sunlight by
samples of Nd:Cr:YAG of varying lengths to determine this quantity for the
solar pumping case. Again the samples were from the 1 percent Nd, 0.1 percent
Cr duped boule which yielded our laser rods. Using the telescope and optical
relay system a beam of sunlight was passed through both the doped samples of
varying lengths (L = 0,33, 0,66 and 1.0 cm) and an undoped YAG sample and the
power in the transmitted beam was measured using the CRL model 201 calorimetric
power meter. In the absorption calculation the incident power is taken as
the power transmitted through the undoped YAG sample in order to account for
the Fresnel reflecticns off the faces of the doped samples., These measurements
were made with both the silver secondary mirror and the dielectric secondary
mirror and the results are shown in Figure 17, The circles represent the ex-
perimentally measured values of the fraction 1-T of incident sunlight absorbed
by the crystal samples ia the two cases. Both sets of data were fitted by
the exponential relation

1-T=Q-1) Q- e ‘¥ 1)
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Figure 17 Fraction of Sunlight Absorbed by Nd:Cr:YAG
at the Earth's Surface
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where <a> is an average absorption coefficient. It is important to recognize
that for a material which displays narrow absorption bands with voids in be-
tween the light transmission (whether the light be the spectral emission from
an arc lamp or the broad blackbody emission from the sun) of a long length

of the material does not approach zero but some asymptotic value. This is
the reason for the appearance of T_ in equation (1). Equation (1) is only an
approximation to the absorption beﬁavior of the material. The broad spectrum
light transmission of an absorber of length x is given by

I'd
f Iout (1) dx

T = 4 (2)

[ Iin (A) dx

Now Iout(h) - -a(A) x
Iin(l)
» -a(A) x
so that Iout(h) = Iin(h) e and

jrlin(” o) x4y
T = 2 (3)

{
j Iin (A) dx

A

Thus, in this case T cannot be expressed by a simple exponential relation. It

is likely, however, that equation (1) is usually a good approximation and this

is indicated by the gcod fit to the data., The value of T_ is not well defined

by this procedure, though, it is likely that more light is absorbed by long
crystals than is indicated by the theoretical curves in Figure 17. Unfortunately,

longer samples with large enough cross sectional area were not available to check
this.

We can use these absorption resul’ts to estimate the output power attain-

able irom a sun pumped laser using ithe Nd:Cr:YAG rod. The absorption results

in Figure 17 do not strictly apply to exospheric sunlight because the atmos-
pheric depletion of solar radiation is a functlon of wavelength (see Figure 10);
however, the difference between the amount of sea level sunlight and exospheric
sunlight absorbed by the laser material is expected to be small. We will there-
j fore use the above absorption results to predict attainable laser power outside
A the earth's atmosphere. At the outer limits of the earth's atmosphere a 12"
diameter mirror collects 100 watts of solar power. Assume a collection and re-
lay efficiency of 80% and suppose that 50% of the relayed power can be channeled
into the laser rod by the end pumping optics. From Figure 17 ~ 30% of the sun-
light entering the rod is absorbed; there, of the incident 100 watts, 12 watts




would be absorbed by the rod. If 30Z of the absorbed light is- converted to
1.06u fluorescence and the laser is operating for above threshold the laser
output would then be v 4 watts,

3. LASER ROD COOLING

Circulating liquid cooling schemes commonly used to remove waste
heat from a laser are not appropriate for space application. Their inherent
complexity, limited life, and relative unrealiability make them unattractive
for this purpose. Failure of pumps and seals, corrosion of coolant piping
materials, and photolytic breakdown of cooling iiquids are some of the dis-
advantages of this cooling method. Conductive and liquid-filled heat pipe
cooling techniques, which have much longer life and are more reliable, were
therefore chosen for use in the operation of the sun pumped laser.

Heat is removed from the laser rod through the heat sink which ig
constructed of niobium. Niobium was chosen for this purpose because it has
2 thermal expansion coefficient which closely matches that of YAG and good
thermal conductivity. A good match between the thermal expansion coefficients
of the laser material and the heat sink is essential. The strain induced in
the rod by an expansion mismatch as the rod and heat sink heat up causes the
rod to become birefringent. This seriously degrades the optical quality of
the rod and laser performance is impaired. If the mismatch were to be severe
enough, breaking of the rod could even occur at high input powers. The match
between niobium and YAG is adeguate to eliminate these difficulties. The co-
efficient of YAG is 6.9 in/in/°C and that of niobium is 6.88 to 7.38 in/in/°C,
depending on the melt and manufacturer., Niobium is one of the refractory met:al3
family, naing a melting temperature of 4379°F. It has a density of 535 1lbs/ft~,
approximatelg ghe same as brass, and a reasonably high thermal conductivity of
31 BTU/hr ft~ "F/ft about the same as cast iron or tin.

The mounting surface for the rod is a machined-radiused groove into
which the rod is soldered providing intimate contact between the rod and heat
sink. In the original sun pumped laser configuration which was designed to
be compatible with sun and lamp pumping the 20 mm portion of the rod next to
the trumpet was contacted on the entire OD and the remaining 30 mm was contacted
over only 120° to allow for the side rmping capability (Figure 11), For the
configuration using the open cone the 11 length of the rod was contacted
the full 360°. The rod was laid in v  120° groove and a cap placed over the
rod and heat sink to provide the remaining contact. The rod was soldered to
both the groove and the cap.

Niobium cannot be wet and soldered with ordinary fluxes due to the
inertness of the oxide coating: therefore, the niobium is first nickel plated.
The OD of the YAG rod is silver coated to allow it to be soldered into the
heat sink. The propretary techniques of Liberty Mirror Division of Libby
Owens Ford produces a vacuum-deposited silver, highly reflective second sur-
face mirror with the best adherence of a number of techniques we have investi-
>ated. Layers of nickel and indium are applied over this to provide coating
thickness and solder-ability without scavenging. The YAG rod is soldered to
tae support block using pure indium solder, which has a low melting point, high
ductility, low yield strength and scavenge to the nickel and silver during
soldering. The high ductility and low yield strength of the indium solder
greatly diminish the already small effect of the mismatch between the thermal

S




expansion of the aniobium and the YAG. Expansior. differences between the
two materials are compensated by the ready deformation of the soider layer.
The solder bond Letween the rod and block is maintained at .004 - ,005 inch
thickness resulting in maximum joint strength and low thermal resistivity.

In space operation of thz sun pumped laser heat will be removed
from the rod heat sink by 2 heat pipe c’.amped to the bottom of the heat sink
or by a heat pipe cooaled cold plate in the space craft to which the heat sink
is bolted. In either case the heat pipes will terminate in a space radiator.
The heat pipe was selected as a means to remove heat from the rod-mouunting
structure because the high thermal conductance (50 or more times better than
a solid metallic conductor), low weight, and high anticipated reliability
seem ideal for use in spacecraft applications. The heat pipe as used for
this purpose comnsists of an outer circular housing, an inner screen to carry
the fluid, and the working fluid. The flwuid is vaporized in the evaporator
end by heat input and travels down the center of the assembly to the other
end which must be cooled in some manner to cause condensation of the fluid
which then travels to the evaporator end by surface tension forces in the
screen wick. The pipe is completely closed, forming a hermetic seal between
the working fluid and the outuide envivonment. For convenience in the 1ab-
oratory experiments, the heat was removed from the heat sink by a copper tube
through which a refrigerated methanol and water mixture was flowing.

4, DUAL PUMPING

A satellite communicaticon laser transmitter powered by the sun can
have much greater versatility if it is equipped with the capability of being
driven by an artificial means during solar eclipse pericds of the satellite
orbit. Such a dual pumping arrangement makes possible continuous operation
as well as taking advantage of the long life afforded by solar pumping. Investi-
gation of dual pumping was not a part of the current sun pumped laser contract,
however, the approach initially selected was to add the end solar pumping cap-
ability to the lamp pumped space qualifiable Nd:YAG laser under development at
GTE Sylvania. Much of the preliminary design work on this laser had been con-
ducted for NASA under the Space Qualified Nd:YAG laser contract (Contract No.
NAS12-2160). Unfortunately, basic design difficulties prevented the use of
the NASA developed laser for this purpose,

Because of the importance of the dual pumping concept it was decided
to continue consideration nf this scheme; therefore, a new laser design com-
patible with both lamp and sun pumping was develcped. The YAG trumpet con-
figuration discussed above and shown in Figures 11 and 12 was designed to be
lamp pumped by placing an elliptical pump cavity over the exposed portion of
the laser rod. Tho laser rod is situated at one focus of the ellipse and the
lamp at the other. A cross-sectional view of the lamp pumped laser cavity is
shown in Figwre 18, The h2at shields and ceramic isolators shown in this
schematic kave the frnction of reducing the direct thermal flow from the lamp
or cavity into the rod heat sink so as to ailow the rod to operate at the
lovest temperature possible. Ideally, the rod heat sink should have to trans-
port caly the heat abcorbed in the rod. In practise the heat which leaks
through the support structure cannot be entirely eliminated.
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The laser was designed %o be operated by two dirffereunt types of
lamps: the krypton ars lamp and the alkali metal vapor lamp. Operation of
the laser with a krypton arc lamp was desirable as a comparative reference.
The potassium-rubidium lamp currently under development at ILC is believed
to be the best lawp source for pumping the space gualified Nd:YAG laser(13),
This lamp has a low threshold and high efficiency due to ics excellent spectral
match to the absorptica bands or Nd:YAG, good mechanical stab’iity and it does
not require liquid or convective cooling, being cooled enly by radiation.

1 The laboratory model dual sun and lamp pumped laser equipped with a

] water cocled krypton arc lamp is shown in Figure 19. 1In this configuratioa

the heat is removed from the laser rod heat sink by a heat pipe; the heat is
dispensed by a water jacket surrounding the output end of the pipe. In the
lamp pumped experiments with this laser the rod-trumpet assembly was replaced
by a 2 x 30 mm round laser rod in its own heat sink mounting. This rod and a
rod with a square cross section mounted in this heat sink are shown in Figure
20. Tests were planned using the square cross section rod in order to evaluate
the laser performance with a Cartesian thermal profile in the laser rod. Such
a geometry leads to thermal strain birefringence with only Cartesian refractive
index components. With this birefringent characteristic the entire volume of
the rod can support the linearly polarized fundamental mode without polariza-
tion rotation into higher modes. This thermal geometry is realized to a

o degree, of course, even ~-ith the round rod since the heat is removed from one

E side of the rod rather than radially.

s A 4G

Figure 21 shows plots of the power output obtained from this laser
as a function of power input to the lamp with the base of the rod heat sink
at two different temperatures. A threshold of 260 watts for P, was obtained
: with a 27 transmitting output mirror. Temperature was measured at the base
1 of the heat sink for convenience. Rod temperature is seen to have a significant
' effect on the laser performance. This is even more clearly demonstrated in
Figure 22 which shows the laser power output as a function of heat sink base
temperature at a constant power input to the lamp. The temperature dependence
of the laser's performance here results primarily from two effects. The principle
effect is the broadening of the 1.06u rfluorescence linewidth which is accom-
: panied by a decrease in the ctiuwulated emission cross section and the laser
gain as the rod temperature increases. The second effect is the increase in
thermal population of the ground state of the 1.06u laser transition with in-
crease in temperature. The increased thermal population of this level appears
dynamically to the laser as an effective increase in the dissipative loss, .
These results clearly indicate that trade-offs will have to be made between
laser performance and thermal design for the space qualified Nd:YAG laser.
The laser efficiency obtained with the krypton arc lamp as the pump source is
poor, as expected. Not only does the krypton lamp have a high threshold and
a radiant efficiency which is poorer than that of the alkali metal vapor lamp
but in this experiment the 5 mm bore of the lamp (length of arc is 1.2 inches)
was a very poor match to the 2 mm rod diameter. Experiments were planned to
operate the laser with the alkali vapor lamp in a vacuum enclosure; however,
because of the failure of the YAG trumpet assembly in initial solar pumped
tests and the need to concentrate on obtaining solar pumped operation of the
laser, lamp pumped work was discontinued on thi~ nrogram. The alkali vapor
lamp pumped laser effort was continued, however, on a Sylvania funded program
with the implementation of a vacuum station to operate the conductively cooled
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